Due to the widespread distribution of PC1/PC3 and The neuroendocrine protein 7B2 has been implicated PC2 in the brain and neuroendocrine system, defects in activation of prohormone convertase 2 (PC2), an in the expression or activity of these enzymes would be important neuroendocrine precursor processing enexpected to produce complex disturbances of endodoprotease. To test this hypothesis, we created a null crine function, behavior, and metabolism. A human submutation in 7B2 employing a novel transposon-faciliject with genetic defects in both alleles of PC1/PC3 is tated technique and compared the phenotypes of 7B2 obese, hypocortisolic, and hypogonadal (Jackson et al., and PC2 nulls. 7B2 null mice have no demonstrable 1997). In contrast, PC2 null mice show no abnormalities PC2 activity, are deficient in processing islet horof steroidogenesis or reproduction, although they are mones, and display hypoglycemia, hyperproinsulinhypoglycemic and mildly runted (Furuta et al., 1997). emia, and hypoglucagonemia. In contrast to the PC2
determinants have been identified on both 7B2 (Zhu et al., 1996; Van Horssen and Martens, 1998) and PC2 (Benjannet et al., 1995b Zhu et al., 1998) . Maturation of proPC2 to PC2, assisted by 7B2, occurs in the later stages of the secretory pathway (reviewed in Steiner, 1998) . While the precise role of 7B2 in this process is not known, it is clear that proPC2 molecules which have not encountered 7B2 prior to secretion can undergo cleavage of the propeptide without acquiring enzymatic activity (Muller et al., 1997; Zhu et al., 1998 ). An analysis of the role of 7B2 in the regulation of peptide hormone production has been hampered by the lack of regulated neuroendocrine cell lines that do not express 7B2.
In order to provide in vivo evidence of the link between 7B2 and PC2 activity, we generated 7B2 null mice using a novel transposon-based technique (Westphal and Leder, 1997) . As predicted, these mice lack PC2 activity and have multiple metabolic derangements, similar but not identical to those found in PC2 null mice (Furuta et al., 1997). Interestingly, in contrast to PC2 null mice, 7B2 null mice develop and die of Cushing's disease, with multiple sequelae of hypercorticosteronism, indicating a novel role for 7B2 in the normal control of secretion of peptides from the intemediate lobe of the pituitary. sition events that have integrated into exonic DNA. Note that chromosomal rearrangement at the 7B2 locus upon homologous recombination is excluded in the transpoand 7B2 null mice. As shown in Figure 1C , 7B2 null mice lack detectable 7B2 RNA transcripts. son-based approach, since the integrity of this site is verified by probing both the 5Ј and 3Ј ends (Westphal and Leder, 1997 (Westphal and Leder, 1997) . Two indestudies which indicated that PC2 activity may be totally dependent upon 7B2 expression (Zhu and Lindberg, pendent targeted ES clones were injected into blastocysts, chimeric mice were derived, and germline trans-1995). We were hence interested to see how PC2 levels and activity might be affected by loss of 7B2 function mission was achieved (data not shown). Subsequent matings of chimeric 129 SvEv males to SvEv females in vivo. In an initial analysis of PC2 protein expression in brain (where PC2 is expressed at high levels), wildallowed us to place the targeted allele on a pure genetic background. All mice presented in this study were detype and null brains were homogenized and then separated by SDS-PAGE and probed with anti-PC2 antiserived from two independent ES clones, and no difference was noticed between the two independent mouse lines.
Results

Figure 1. Targeting Construct, Genotype, and RNA Expression
Generation of 7B2 Null Mice Using a Novel
Analysis
Transposon-Based Approach
rum. In three independent experiments, the maturation of proPC2 was severely inhibited in 7B2 null mice (Figure In addition, 7B2 null mice were generated in both 129/ FVB and 129/Bl6 mixed backgrounds, with identical 2A, right lane). In order to examine the catalytic ability of PC2 in 7B2 null mice, we immunopurified PC2 from phenotypes observed in each background (data not shown). Genotyping of heterozygotic matings indicated detergent extracts of wild-type and null mouse brains with anti-PC2 antibodies and performed fluorometric offspring of all possible genotypes ( Figure 1B) . In order to analyze 7B2 RNA levels, whole brains were extracted PC2 activity assays ( Figure 2B ; each line represents three independent determinations per genotype). Our and Northern blots were prepared from 7B2 wild-type results indicate that 7B2 null mice completely lack PC2 several PC2-dependent polypeptide hormones. In order to study proglucagon processing, pancreatic islets were activity ( Figure 2B ), confirming a physiological requirement for 7B2 in PC2 activation (Zhu and Lindberg, 1995) .
pulse-chase labeled, and immunoprecipitated glucagon-related proteins were subjected to SDS-PAGE. As shown in Figure 3A, Figure 6A ; the cially the severe bruising of the left null). Many 7B2 null animal to animal variation is most likely due to stress in mice suffer from significant bleeding into the abdomen, handling). We therefore assayed serum corticosterone leading to their pale appearance (data not shown). In in 7B2 null and wild-type mice. As expected, serum fact, only 11% of mutant mice survive to weaning (i.e., corticosterone was elevated approximately 4-fold in 7B2 we obtained 12 nulls in a total of 109 offspring of heteromutant mice ( Figure 6A ). Given the raised levels of stezygotic matings at weaning). Despite initial runting, howroids, the pathology of the adrenal cortex was examined. ever, those null mice that survive to weaning show abIn agreement with the known trophic influence of ACTH normal fat deposition, especially on the back and around on the adrenal cortex, 7B2 null mice exhibit cortical the neck. hyperplasia compared to age-matched controls (Figure The observed defects in sugar and fat metabolism in 6B). The presence of high plasma ACTH and steroids the 7B2 null mice prompted us to study the pancreas coupled with cortical hyperplasia supports a diagnosis in greater detail. As shown in Figure 4C , both ␤ and of Cushing's syndrome in these animals. non-␤ endocrine cell mass are significantly expanded in the pancreas of 7B2 null mice, as measured by morphometric analysis. These differences are demonstrated Multiple Histologic Signs of Hypercorticosteronism in a representative manner in Figure 4D , a 150ϫ magnifiSeveral other clinical symptoms exhibited by the 7B2 cation of a pathological specimen from a 7B2 null comnull animal are also consistent with severe Cushing's pared to a wild-type mouse at 5 weeks of age, which syndrome. These include changes in skin; compared to indicates both enlarged and abnormal islets. Figures 7E and 7F) . Lastly, the development of a typical Pituitaries from three 7B2 null and three wild-type mice were individually homogenized via sonication in 150 l ice-cold 1 N acetic acid.
PC2 Western Blotting
The samples were stored frozen at Ϫ70ЊC prior to thawing. The Brains were homogenized in 2 ml of boiling Laemmli sample buffer samples were subjected to centrifugation for 10 min at 13,000 rpm containing 6 M urea for 5 min. Proteins were then separated by SDSin a microfuge at 4ЊC. The clear supernatants were transferred to PAGE on 8.8% gels. Immunoblotting was performed as described new tubes. One hundred microliter aliquots of each sample were previously, employing antiserum directed against PC2 carboxyl tersequentially injected onto a high-pressure gel permeation chromaminus (Muller et al., 1997) . In a parallel experiment, brains were tography column array consisting of two 250 mm ϫ 5 mm TSK-250 homogenized in 2 ml of 0.1 N HCl, frozen at Ϫ80ЊC, thawed, and columns preceded by a guard column (Johanning et al., 1996) . The briefly sonicated. Precipitated proteins were pelleted at 10,000 g eluant was 32% acetonitrile, 0.1% trifluoroacetic acid, and the flow for 20 min at 4ЊC. Pellets were solubilized in boiling Laemmli sample rate was 0.5 ml/min. Fifty 1 min samples were collected. BSA (100 buffer before separation of proteins by SDS-PAGE and immunoblot- S-methionine (2 mCi/ml in starvation medard. PC2 activity was measured on triplicates. Results are the dium, Amersham, 1000 Ci/mmol) for 3 hr, followed by another 3 mean of brains from three wild-type and three null mice Ϯ standard hr chase incubation in medium supplemented with nonradioactive deviation.
methionine. To ensure a continuous supply of 35 S-methionine during the pulse labeling period, the labeling medium was replaced once.
Pulse-Chase Analysis of Islet Glucagon
Pituitary tissues were extracted with 5 N acetic acid containing 2 and Insulin Biosynthesis mg/ml FAF-BSA, frozen and thawed three times, and sonicated. Islets of Langerhans were isolated, cultured overnight in RPMI meAfter brief centrifugation, the supernatants were lyophilized and dium containing 11 mM glucose and 10% fetal calf serum, and then resuspended in LIB buffer. Chase media were diluted with the same pulse-labeled for 45 min at 37ЊC in groups of 300-400 islets in buffer. POMC-related peptides were immunoprecipitated with an medium containing 27.7 mM glucose and 500 Ci each of 35 S-methiantiserum against the N-terminal residues of ACTH (gift of Dr. Dick onine (1,000 Ci/mmol) and 3 H-leucine (300 Ci/mmol) (Amersham Mains, Johns Hopkins) and protein A-Sepharose. ImmunoprecipiCorp.), as described previously (Furuta et al., 1998) . The islets were tated materials were separated on SDS-PAGE tube gels, sliced, and then washed and transferred in groups to chase medium (Furuta radioactivity in each slice estimated by scintillation counting. et al., 1998) containing 5 mM glucose and 20 g/ml of unlabeled methionine and leucine and incubated at 37ЊC for periods of 1, 2, and 3 hr. Labeled islets were frozen and thawed three times and et al., 1994) . Insulin-related peptides expert assistance with pathology. We are grateful to Dr. J. E. Pintar for critical comments on the manuscript. Special thanks to Dr. N. were then immunoprecipitated using a guinea pig anti-insulin IG
